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Introduction {#sec1}
============

Friedreich ataxia (FRDA, OMIM: [229300](229300){#intref0010}) is a debilitating, life-shortening, neurodegenerative disorder affecting mainly the nervous system and the heart. It is classified as a rare disease; however, it is the most common form of inherited ataxia, with an estimated prevalence of 1 in 50,000 individuals in the Caucasian population ([@bib2], [@bib20]). Symptoms are progressive and usually begin around puberty, although late-onset cases have been described. Early signs include sensory deficit with consequent loss of movement coordination and gait ataxia. Patients are usually wheelchair bound within 15 years after diagnosis and require assistance to accomplish daily activities ([@bib16]). Other hallmarks of disease progression include visual impairment because of optic nerve atrophy, dysarthria, and dysphagia. Skeletal abnormalities such as scoliosis and pes cavus are also present. Patients develop a hypertrophic cardiomyopathy that often leads to premature death ([@bib31], [@bib33], [@bib59]). Moreover, about 25% of patients develop diabetes mellitus ([@bib14], [@bib28]). Neurological symptoms are caused by degeneration of sensory neurons in the dorsal root ganglia and in the dentate nucleus of the cerebellum ([@bib30]). So far, there is no approved therapy for Friedreich ataxia, and only palliative treatments are available for patients. Identification of a treatment for Friedreich ataxia represents a major unmet medical need ([@bib24], [@bib53], [@bib60]).

The disease is caused by reduced expression of the essential mitochondrial protein frataxin ([@bib9]). The underlying mutation primarily consists of a homozygous trinucleotide guanine-adenine-adenine (GAA) repeat expansion within the first intron of the corresponding gene ([@bib8]). The presence of the GAA tract severely impairs transcription initiation ([@bib11]) and elongation ([@bib29], [@bib35]) of the frataxin gene, mainly due to formation of an atypical triplex non-B DNA structure (sticky DNA) ([@bib57]) or DNA-RNA hybrids (R loops) ([@bib25], [@bib26]) and epigenetic modifications that induce a non-permissive chromatin conformation of this DNA region ([@bib1], [@bib27]), resulting in reduced levels of frataxin protein. Patients live with 5%--30% residual frataxin, the severity of the disease being correlated to the extent of frataxin reduction, which in turn correlates to the length of the GAA expansion ([@bib12]). Thus, any increase in frataxin levels is considered therapeutically relevant. Strategies to cure Friedreich ataxia are therefore mostly aimed at increasing the amount of frataxin in patients' cells ([@bib52], [@bib60]). Frataxin is a nuclear-encoded mitochondrial protein that plays a crucial role in the biosynthesis of iron-sulfur clusters ([@bib7], [@bib55], [@bib56]) and in iron metabolism ([@bib3], [@bib44]). Iron-sulfur clusters are important cofactors required for proper functioning of enzymes such as aconitase and complexes I, II, and III of the mitochondrial electron transport chain ([@bib46]). Frataxin deficiency therefore results in defective aconitase activity ([@bib19]), impaired mitochondrial respiration, reduced ATP production, imbalance of iron metabolism, mitochondrial iron overload, and increased sensitivity to oxidative stress ([@bib38], [@bib42]). These events are eventually responsible for neuronal degeneration, particularly in the dorsal root ganglia ([@bib30], [@bib37]).

Frataxin is produced in the cytosol as a precursor form with an N-terminal mitochondrial localization signal, which allows the precursor to be directed to mitochondria. During mitochondrial import, the precursor undergoes a two-step catalytic processing that, through the generation of an intermediate form, yields the mature functional form of frataxin ([@bib18]), which is localized in the mitochondrial matrix. We have previously shown that during the normal maturation process, a significant amount of frataxin precursor is degraded through the ubiquitin (Ub)-proteasome pathway, before its mitochondrial import ([@bib47]). Most current therapeutic approaches aim at promoting frataxin gene transcription ([@bib53]); however, molecular characterization of the frataxin degradation pathway suggested the possibility to increase frataxin protein by preventing its degradation. We have identified small molecules named ubiquitin-competing molecules that, by docking on the frataxin ubiquitination site, prevent frataxin precursor degradation and eventually promote accumulation of functional mature frataxin ([@bib47], [@bib48]). These molecules provide the rational basis for the development of therapeutic approaches that aim at preventing frataxin degradation. Another strategy to prevent frataxin degradation could be the inhibition of the enzyme responsible for frataxin ubiquitination. Protein ubiquitination is a finely regulated process that ensures tight control of intracellular proteins levels, in particular through the ability of E3 ligase enzymes to selectively recognize their substrates. E3 ligases are therefore considered attractive targets for the development of specific therapies. However, the E3 ligase that specifically recognizes frataxin and targets it for degradation was unknown.

Here we report on the identification of really interesting new gene (RING) finger protein 126 (RNF126) as the E3 ligase that ubiquitinates frataxin. We show that RNF126 interacts with frataxin and directly promotes its ubiquitination, both in vitro and in vivo. We show that RNF126 knockdown results in frataxin accumulation in cells derived from FRDA patients, suggesting the therapeutic potential of strategies aimed at inhibiting RNF126. This enzyme therefore represents a novel important therapeutic target for Friedreich ataxia.

Results {#sec2}
=======

Identification of the Frataxin-Specific E3 Ligase {#sec2.1}
-------------------------------------------------

To identify the E3 ligase responsible for frataxin ubiquitination, we performed a functional screening of a small interfering RNA (siRNA) library targeting more than 600 cellular E3 ligases. By preventing the ubiquitin-dependent degradation of frataxin, the silencing of the critical E3 ligase is expected to yield an increase in frataxin abundance. To measure variation in frataxin levels upon siRNA transfection, we generated a fusion construct between frataxin and ProLabel that was used as a reporter in a cell-based assay. The system is based on β-galactosidase enzyme fragment complementation ([@bib23]). The 6 kDa ProLabel tag encodes the inactive α fragment of the β-galactosidase enzyme. When the Ω subunit of the enzyme is added, together with the substrate, the two subunits form an active enzyme that generates a chemiluminescent signal whose intensity correlates to the amount of frataxin-ProLabel fusion present in the cells ([Figure 1](#fig1){ref-type="fig"}A). Regular processing of the frataxin precursor into intermediate and mature forms in the ProLabel fusion construct was verified by western blot analysis of transfected cells ([Figure S1](#mmc1){ref-type="supplementary-material"}A). To validate this system, cells transfected with frataxin-ProLabel were treated with the proteasome inhibitor MG132, as a positive control. As previously reported ([@bib47]), accumulation of the frataxin precursor can be observed 24 hr after MG132 treatment. In this case, up to an 8-fold increase (5.37 ± 2.52) in the intensity of the luminescence signal could be detected by luminometer reading, confirming the sensitivity and the wide dynamic range of the system. The Z′ value for the assay was 0.4, indicating an acceptable to good assay ([@bib6]). The library consisted of pools of four siRNAs per gene prearrayed into nine 96-wells plates ([Figure S1](#mmc1){ref-type="supplementary-material"}B). HEK293 cells transiently transfected with frataxin-ProLabel were reverse transfected with the siRNA library. Then, 48 hr after siRNA transfection, the luminescence signal was assessed by luminometer reading, upon addition of the complementary β-galactosidase subunit and substrate ([Figure 1](#fig1){ref-type="fig"}B). The increase in the luminescence signal by siRNA transfection was most likely due to suppression of the expression of the critical E3 ligase. Six replicates of each plate were screened independently. From the screening, we isolated six candidate genes potentially involved in the regulation of frataxin stability that were selected for further validation ([Figures S1](#mmc1){ref-type="supplementary-material"}C and S1D).

Depletion of RNF126 Increases Frataxin Stability and Promotes Frataxin Accumulation {#sec2.2}
-----------------------------------------------------------------------------------

The six candidate genes identified in the screening were individually validated in the HEK293 Flp-In cell line stably overexpressing frataxin^1--210^ to evaluate their ability to increase frataxin levels ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B). This cell line has a single extra copy of the frataxin coding sequence integrated into the genome, allowing detection of frataxin precursor while maintaining frataxin products at near-physiological levels. We have previously shown that frataxin precursor readily accumulates in cells when frataxin degradation is prevented, and it is subsequently converted into the mature form ([@bib47]). These cells enable the detection of precursor, intermediate, and mature frataxin, thus allowing rapid evaluation of siRNA efficacy. Among the six candidate genes identified, we observed that silencing of the RING E3 ubiquitin ligase RNF126 consistently promotes an increase in frataxin levels. As shown in [Figures 2](#fig2){ref-type="fig"}A--2C, transfection of HEK293 cells with the specific siRNA pool efficiently suppresses RNF126 expression and promotes increase in both frataxin precursor and mature frataxin, while silencing of a non-related E3 ligase has no effect. No significant alteration on frataxin mRNA levels was observed upon RNF126 knockdown ([Figure S3](#mmc1){ref-type="supplementary-material"}A). We considered the possibility that more than one E3 ligase is involved in the regulation of frataxin turnover; however, simultaneous knockdown of RNF126, together with the primary hits, does not result in additional increase in frataxin precursor compared to RNF126 silencing alone ([Figures S2](#mmc1){ref-type="supplementary-material"}C and S2D). Results obtained with the pool of four siRNAs targeting RNF126 were confirmed in cells transfected with individual RNF126 siRNA ([Figures S4](#mmc1){ref-type="supplementary-material"}A--S4C). Moreover, we verified that silencing of RNF126 did not affect the expression of the closely related E3 ligase RNF115, which shares a high degree of homology with RNF126 ([Figure S4](#mmc1){ref-type="supplementary-material"}A) ([@bib32]). Depletion of RNF126 by specific siRNA delays the degradation of frataxin precursor and increases its stability. When protein synthesis is blocked by actinomycin D, frataxin precursor has a longer half-life in cells transfected with RNF126 siRNA compared to cells transfected with a control siRNA ([Figures 2](#fig2){ref-type="fig"}D and 2E; [Figures S4](#mmc1){ref-type="supplementary-material"}D and S4E). These data indicate that RNF126 is responsible for the degradation of frataxin precursor and therefore is involved in the control of frataxin levels.

RNF126 Triggers Frataxin Ubiquitination {#sec2.3}
---------------------------------------

To further investigate the contribution of RNF126 in the control of frataxin degradation, we tested its ability to promote frataxin ubiquitination. Overexpression of RNF126 in HEK293 cells, but not of its catalytically inactive mutant, promotes frataxin ubiquitination. As shown in [Figure 3](#fig3){ref-type="fig"}A, when cells are cotransfected with frataxin and hemagglutinin (HA)-tagged ubiquitin (HA-Ub), together with RNF126, mono- and polyubiquitinated forms of frataxin can be detected as slower-migrating bands above the frataxin precursor on a western blot with anti-frataxin antibody. Ubiquitinated forms of frataxin can also be immunoprecipitated with anti-HA antibody and detected with anti-frataxin, confirming that ubiquitinated forms of frataxin are present when cells are transfected with RNF126 ([Figure 3](#fig3){ref-type="fig"}B). To confirm the requirement for the E3 ubiquitin ligase catalytic activity of RNF126 for the ubiquitination of frataxin, we generated a catalytically inactive version of RNF126. RNF126 contains an N-terminal zinc-finger domain and a C-terminal RING finger domain, which is implicated in its ubiquitin ligase activity. The catalytically inactive mutant, RNF126^C229/232A^, was generated by substituting the two critical cysteines in the C-terminal RING domain of RNF126 with two alanines, yielding an inactive enzyme ([@bib63]). Ubiquitinated frataxin forms were not detected when cells were transfected with RNF126^C229/232A^. These data indicate that RNF126 can trigger frataxin ubiquitination and that this is dependent on its catalytic activity. To rule out the possible contribution of the other identified hits in the ubiquitination of frataxin precursor, we investigated the ability of two other hits, namely, Syvn1 and FBXO44, to promote frataxin ubiquitination in the same experimental setting. However, no significant impact on frataxin ubiquitination was observed upon transfection of either Syvn1 or FBXO44, supporting the specificity of the ubiquitination promoted by RNF126 ([Figure S5](#mmc1){ref-type="supplementary-material"}A). Moreover, RNF126 induces frataxin ubiquitination also in the absence of HA-Ub overexpression ([Figure S5](#mmc1){ref-type="supplementary-material"}B).

Frataxin Interacts with Its E3 Ligase RNF126 {#sec2.4}
--------------------------------------------

To validate the hypothesis that the RNF126 can directly ubiquitinate frataxin, we investigated whether the two proteins directly interact with each other. To this aim, we cotransfected HEK293 cells with frataxin and RNF126, followed by immunoprecipitation with anti-frataxin antibody. As shown in [Figure 4](#fig4){ref-type="fig"}A, RNF126 can be detected in the immunoprecipitated proteins, indicating that it can form a complex with frataxin. Conversely, when we immunoprecipitated RNF126 from the cell extract, we could detect the frataxin precursor associated with it ([Figure 4](#fig4){ref-type="fig"}B). Although the precursor is not the most abundant form of frataxin that is present in the cell, it is preferentially coprecipitated with RNF126, compared to the intermediate and mature forms of frataxin. These data are in agreement with the notion that the frataxin precursor is ubiquitinated before its mitochondrial import and maturation, and they suggest that the N-terminal portion of frataxin is required for interaction with the E3 ligase. In addition, the frataxin precursor can be coprecipitated with the endogenous RNF126 ([Figure 4](#fig4){ref-type="fig"}B, lane 3). Slower migrating bands above the frataxin precursor, detected by the anti-frataxin antibody, are also coprecipitated with RNF126, indicating that ubiquitinated frataxin can be found associated with RNF126 ([Figure 4](#fig4){ref-type="fig"}B, lane 4). Although the frataxin precursor is found associated with the inactive mutant of RNF126, no ubiquitinated frataxin is detected as being associated with it ([Figure 4](#fig4){ref-type="fig"}B, lane 6).

RNF126 Promotes Frataxin Ubiquitination In Vitro {#sec2.5}
------------------------------------------------

To confirm the ability of RNF126 to directly ubiquitinate frataxin, we established an in vitro assay with purified recombinant components. In this system, RNF126 can catalyze both mono- and polyubiquitination of frataxin in a dose-dependent manner. The ubiquitination pattern observed in this in vitro assay is similar to that observed in the in-cell ubiquitination assay ([Figure 3](#fig3){ref-type="fig"}A). Frataxin ubiquitination only occurs when the E1 ubiquitin-activating enzyme, which is required to activate the ubiquitination process, and the E2 ubiquitin-conjugating enzyme are present in the assay mixture, together with ubiquitin and ATP. These data indicate that when all components of the ubiquitination cascade are present, the E3 ligase RNF126 is sufficient to promote frataxin ubiquitination in vitro and does not require additional cofactors ([Figure 5](#fig5){ref-type="fig"}A). UbcH5b was described as the preferred E2 for RNF126 ([@bib21], [@bib51]) and was therefore used in these assays. However, to confirm the specific requirement of UbcH5b as the E2 in this reaction, we tested the ability of a different E2, UbcH13/Mms2, to cooperate with RNF126 in the ubiquitination of frataxin. As shown in [Figure 5](#fig5){ref-type="fig"}B, only UbcH5b can promote frataxin ubiquitination, suggesting that RNF126 specifically requires the E2 UbcH5b to catalyze frataxin ubiquitination. RNF126 ubiquitin ligase activity depends on its N-terminal zinc-finger domain and its C-terminal RING domain ([@bib51]). The Zn-chelating compound 1,10-phenanthroline is therefore expected to perturb the structure of RNF126, likely disrupting its catalytic activity. We could show that 1,10-phenanthroline can prevent frataxin ubiquitination in a dose-dependent way, confirming that frataxin ubiquitination is dependent on the RNF126 E3 ligase activity ([Figure 5](#fig5){ref-type="fig"}C).

RNF126 Depletion Promotes Frataxin Accumulation in FRDA Patient Cells {#sec2.6}
---------------------------------------------------------------------

Our experimental evidence suggests that RNF126 is the E3 ligase responsible for frataxin ubiquitination; therefore, the silencing of the corresponding gene impairs frataxin degradation and results in an increase in frataxin levels ([Figure 2](#fig2){ref-type="fig"}). To determine the effect of this mechanism in a disease-relevant cell model, we used primary fibroblasts derived from FRDA patients and tested the effect of siRNA-mediated knockdown of RNF126 expression. As shown in [Figure 6](#fig6){ref-type="fig"}, transfection with the specific siRNA reduces the expression of RNF126 and promotes accumulation of mature frataxin in fibroblasts derived from two patients, without affecting frataxin gene transcription ([Figures S3](#mmc1){ref-type="supplementary-material"}B and S3C). Data obtained with transfection of a pool of four siRNA targeting RNF126 were confirmed with individual siRNA for RNF126 ([Figures S6](#mmc1){ref-type="supplementary-material"}A--S6D). Silencing of RNF126, together with the other primary hits identified in the screening, does not contribute to frataxin upregulation in either of the two patient-derived fibroblasts ([Figures S6](#mmc1){ref-type="supplementary-material"}E--S6H). Collectively, these data indicate that the E3 ligase RNF126 controls frataxin abundance in primary cells derived from patients and suggest that inhibition of RNF126 may represent a new therapeutic strategy to achieve an increase in frataxin levels.

Discussion {#sec3}
==========

The ubiquitin-proteasome system (UPS) represents the most important cellular mechanism for regulated protein degradation ([@bib13]). Modification of a protein by the covalent attachment of one or more ubiquitin moieties determines the fate of the protein and therefore has important biological consequences ([@bib43], [@bib49]). Modulation of the UPS pathway for therapeutic intervention represents a field of growing interest. Ubiquitination of a target substrate is achieved through the concerted and sequential action of three enzymes: the E1 ubiquitin-activating enzyme, an E2 ubiquitin-conjugating enzyme, and an E3 ubiquitin ligase ([@bib41]). The E3 ligase is the enzyme that mediates substrate recognition and thus is responsible for selectivity and specificity of the system ([@bib4]). Targeting the E3 ligase is therefore the most specific and desirable approach to modulate protein ubiquitination. E3 ligases represent key targets for drug development ([@bib15], [@bib36], [@bib62]).

Presently, no effective therapy has been approved to treat FRDA. Current strategies aim to increase frataxin expression or to intervene in the pathogenic cascade downstream of frataxin deficiency. FRDA patients live with a reduced and insufficient amount of frataxin protein; thus, the main goal of a specific therapy for Friedreich ataxia would be to restore physiological frataxin levels. One possible therapeutic approach to achieve an increase in frataxin levels is to prevent the UPS-mediated degradation of frataxin precursor, thus allowing more frataxin to be imported and processed into mitochondria to generate the mature functional form of frataxin ([@bib47], [@bib48]). The inhibition of the E3 ligase responsible for frataxin ubiquitination could represent therefore an attractive therapeutic strategy to prevent frataxin degradation. The frataxin-specific E3 ligase has been unknown.

Through a screening of more than 600 E3 ligases, we report here the identification of RNF126 as the E3 ubiquitin ligase that specifically ubiquitinates frataxin precursor and targets it for proteasomal degradation. Although we cannot exclude that under particular circumstances additional E3 ligases contribute to the regulation of frataxin degradation, the other hits that we identified in the screening do not seem to contribute to this process in a significant manner ([Figures S2](#mmc1){ref-type="supplementary-material"} and [S6](#mmc1){ref-type="supplementary-material"}). Here we show that by regulating the amount of frataxin precursor available for mitochondrial import, RNF126 eventually controls the levels of mature frataxin. Depletion of RNF126 in cells derived from FRDA patients promotes accumulation of mature frataxin, pointing toward this E3 ligase as a new potential therapeutic target for Friedreich ataxia. Although no pharmacological reference is available to determine a therapeutically relevant threshold of frataxin increase, it was previously shown that a modest increase in frataxin levels is sufficient to induce a functional rescue of aconitase activity in cells derived from patients ([@bib47], [@bib48]).

RNF126 belongs to the RING type family of E3 ubiquitin ligases, which are characterized by the presence of a RING (really interesting new gene) domain that binds the E2 ubiquitin-conjugating enzyme and catalyzes the transfer of ubiquitin from the E2 to the substrate ([@bib22], [@bib39]). In particular, RNF126 contains an N-terminal zinc-finger domain and a C-terminal RING finger domain. The N-terminal zinc-finger domain was shown to directly interact with ubiquitin, while the C-terminal RING domain was shown to be required for its E3 ubiquitin ligase activity ([@bib51]). E3 ligases are often described as directly interacting with their specific substrates. We could show an association between RNF126 and frataxin precursor in cells. Substitution of two critical cysteines in the RING domain abrogates the catalytic activity of RNF126 ([@bib63]). Although the mutant retains the ability to interact with frataxin, the mutation in the RING domain abolishes its ability to ubiquitinate frataxin. Moreover, the ability of RNF126 to promote frataxin ubiquitination in vitro, without additional cofactors, suggests that RNF126 can directly recognize and interact with frataxin precursor. However, we cannot rule out the possibility that in vivo RNF126 may be part of a multi-protein complex and frataxin recognition may require additional partners.

RNF126 has been implicated in a number of physiological and pathological processes, such as cancer progression, membrane receptor trafficking, and immune response modulation. RNF126 was shown to ubiquitinate and promote the degradation of the tumor suppressor p21 ([@bib63]) and to enhance the Akt signaling pathway ([@bib58]). Moreover, it was shown to regulate the endosomal sorting of the epidermal growth factor receptor (EGFR) ([@bib51]) and cation-independent mannose 6-phosphate receptor (CI-MPR) ([@bib50]) and to induce ubiquitination of the activation-induced cytidine deaminase (AID), an enzyme involved in the process of antibody diversification in the immune system ([@bib21]). These data implicate the function of RNF126 in the regulation of an array of cellular responses and in different subcellular compartments. A paper indicates a role for RNF126 in promoting resistance to anoikis by degrading pyruvate dehydrogenase kinase (PDK) and allowing increased flux toward tricarboxylic acid (TCA) cycle, thus conferring metastatic ability on cancer cells ([@bib61]). RNF126 has been identified as the E3 ligase in the Bag6 complex ([@bib32], [@bib45]), a multiprotein complex implicated in the protein quality-control process and in particular dedicated to the degradation of mislocalized proteins ([@bib5], [@bib34]). Protein translocation into organelles requires tight quality control to avoid mislocalization of proteins to the cytosol. Any factors affecting the efficiency of the translocation and import machinery may lead to unwanted accumulation of precursor proteins in the cytosolic compartment. In this perspective, proteins that are synthesized in their precursor form in the cytosol before their import into organelles, such as mitochondria, maybe considered "transiently mislocalized" proteins. It is interesting to speculate that frataxin precursor recognition by RNF126 may be part of such a dedicated quality-control mechanism.

Given the complexity of the different forms of frataxin and its maturation process ([@bib18]), it is reasonable to consider the possibility that precursor accumulation may not result in increased mature generation. This may be the case when drugs are used that alter the efficiency of import and maturation machinery ([@bib40]). However, here we show that in 293 Flp-In cells stably expressing frataxin^1--210^, RNF126 knockdown results in an increase in all forms of frataxin in 48 hr, indicating that the increased precursor that is saved from degradation can be converted into intermediate and mature forms. Moreover, the accumulation of mature frataxin in cells derived from patients upon depletion of RNF126 suggests that this control mechanism is active in conditions of reduced frataxin expression and suggests the relevance of therapeutic approaches aimed at interfering with this process. Any therapeutic attempt to increase the amount of frataxin should take into account the existence of such a control mechanism. A combined therapy aimed at increasing frataxin levels, either by promoting its gene transcription or through gene therapy or protein replacement, and simultaneously interfering with its RNF126-mediated degradation could be envisioned.

Structural insight into the recognition mode between frataxin and RNF126 will provide useful information to drive the design of small molecules that either inhibit the catalytic activity of RNF126 or prevent its interaction with frataxin. In particular, given the biological importance of the quality-control process that involves RNF126, inhibiting the specific interaction between frataxin and RNF126, without perturbing its catalytic activity, may be a more desirable approach.

Experimental Procedures {#sec4}
=======================

E3 Ubiquitin Ligase siRNA Library Screening {#sec4.1}
-------------------------------------------

The Human On-TargetPlus Reverse Transfection Format (RTF) Ubiquitin Conjugation siRNA library was purchased from Dharmacon and consisted of nine distinct 96-well plates supplied in six replicates. For the screening, HEK293 cells transiently transfected with pCMV-fxn-ProLabel were reverse transfected with 50 nM of the different siRNA pools prearrayed into individual wells, according to the manufacturer's instructions. Each pool consisted of four siRNA per gene. Cyclophilin B and non-targeting siRNA were used as positive and negative controls, respectively, and Alexa Fluor siRNA was used as transfection efficiency control. MG132-treated cells were included in each plate and considered internal positive controls. Briefly, Dharmafect 1 transfection reagent diluted in Dharmafect Cell Culture Reagent was added to On-TargetPlus RTF plates in a total volume of 25 μL per well to rehydrate and complex the prearrayed siRNA (step 1). After a short incubation of 30 min at room temperature, HEK293 cells expressing pCMV-fxn-ProLabel plasmid were plated at 25,000 cells per well for the reverse transfection (step 2). After 48 hr, the ProLabel enzyme fragment complementation assay was performed (step 3) using the ProLabel Detection Kit (Clontech Laboratories), according to the manufacturer's instructions. The chemiluminescent signal was monitored over 180 min.

The siRNA screening results were analyzed according to recommendations ([@bib6]). This included data triage through plate visualization as heatmaps and hit rate calculation, which revealed no significant inhomogeneities or edge effects. Inter-plate normalization was performed through the robust *Z* score method to render data comparable across plates while reducing the effect of outliers. To assess assay quality, we calculated the *Z*′ factor by pooling all high-value controls and low-value controls and obtained *Z*′ = 0.40, indicating an acceptable to good assay. Successively, hits were identified on each plate through the median ± k median absolute deviation method, again to reduce the influence in outliers ([@bib10]). Specifically, siRNAs giving a luminescence signal that was greater than three median absolute deviations above the plate median in at least four of six replicates were considered positive hits.

Cell Culture and Transfection Conditions {#sec4.2}
----------------------------------------

HEK293 cells were grown at 37°C and 5% CO~2~ in DMEM supplemented with 10% fetal bovine serum (FBS), 100 U/mg penicillin/streptomycin, and 2 mM L-glutamine. Transfections were performed using the Lipofectamine 2000 method (Invitrogen), according to the manufacturer's instructions. Where indicated, the day after transfection, HEK293 cells were treated for 24 hr with 10 μM proteasome inhibitor MG132 (Sigma-Aldrich) and 50 ng/mL deubiquitinating enzyme (DUB) inhibitor Ub-aldehyde.

HEK293 Flp-In cells (Invitrogen) are HEK293 variants allowing the stable and isogenic integration and expression of a transfected gene. The HEK293 clone stably expressing frataxin^1--210^ was previously described ([@bib18]). Cells were maintained in DMEM supplemented with 10% FBS, 100 U/mg of the antibiotics penicillin/streptomycin, and 2 mM L-glutamine. Cells were transfected with a 50 nM siRNA pool containing four siRNAs for each gene ([Table S1](#mmc1){ref-type="supplementary-material"}), or 50 nM individual siRNA where indicated ([Table S2](#mmc1){ref-type="supplementary-material"}), using Dharmafect transfection reagents, according to the manufacturer's instruction.

FA816 fibroblasts from a clinically affected Friedreich ataxia patient, homozygous for the GAA expansion in the FRDA gene, with alleles containing 380 and 330 repeats, and FA078 fibroblasts from a second clinically affected patient, with alleles containing 541 and 420 repeats, were obtained from the National Institute of General Medical Sciences (NIGMS) Human Genetic Cell Repository, Coriell Institute for Medical Research. Cells were cultured in DMEM supplemented with 15% FBS, 100 U/mg penicillin/streptomycin, and 2 mM L-glutamine. Cells were transfected with a 25 nM siRNA pool containing four siRNAs for each gene ([Table S1](#mmc1){ref-type="supplementary-material"}), or 25 nM individual siRNA where indicated ([Table S2](#mmc1){ref-type="supplementary-material"}), using Dharmafect transfection reagents, according to the manufacturer's instructions. siGLOgreen was used as an indicator of relative delivery efficiency during silencing experiments.

cDNA Expression Constructs {#sec4.3}
--------------------------

The pIRES2-fxn^1--210^ construct contains human frataxin cDNA cloned into pIRES2-EGFP (Clontech) bicistronic expression vector and was previously generated in our laboratory ([@bib17]). pCMV-fxn-ProLabel construct was generated by subcloning PCR using the primers 5′-TAATACGACTCACTATAGGG-3′ (T7) and 5′-GGGGATCCAGCATCTTTTCCGGAATAGGC-3′ (BamHI, no stop) to amplify frataxin cDNA from the plasmid pIRES2-fxn^1--210^. Frataxin cDNA was then inserted between *Hind*III and BamHI restriction sites of the expression vector pCMV-ProLabel-C1, provided by Dr. Claudio Joazeiro (The Scripps Research Institute). The HA-Ub construct was generated by M. Treier in Dirk Bohmann's lab ([@bib54]). The plasmid vectors encoding for RNF126 (Myc-FLAG-tagged)-human ring finger protein 126 (pCMV6-RNF126), SYVN1 (Myc-FLAG-tagged)-human synovial apoptosis inhibitor 1 (pCMV6-SYVN1), and FBXO44 (Myc-FLAG-tagged)-human F-box protein 44 (pCMV6-FBXO44) were obtained from OriGene. The RNF126^C229/232A^ construct was generated using the Quick-Change site-directed mutagenesis kit (Agilent Technologies) with specific primers using pCMV6-RNF126 as a template. The sequences of the DNA constructs generated by PCR were systematically verified by DNA sequencing.

Cell Lysates, Western Blot Analysis, and Antibodies {#sec4.4}
---------------------------------------------------

Total cell extracts were prepared in lysis buffer (50 mM Tris-HCl \[pH 7.5\], 150 mM NaCl, 1% Igepal CA-630, 5 mM EDTA, 5 mM EGTA) supplemented with complete protease inhibitor cocktail (Roche Diagnostics). For in vivo detection of ubiquitin conjugates, 10 μM MG132 (Sigma-Aldrich), 50 ng/mL Ub-aldehyde (Biomol), and 2 mM N-ethylmaleimide (NEM, Sigma-Aldrich) were added to the lysis buffer. Lysates were clarified by centrifugation, and supernatants were mixed with 4× Laemmli sample buffer (50 mM Tris \[pH 6.8\], 2% SDS, 10% glycerol, 0.0025% bromophenol blue, 5% β-mercaptoethanol) and boiled for 5 min. Then, 50 μg of protein extract were resolved by precast 10% or 12% SDS-PAGE gels (Bio-Rad) and transferred to 0.2 μM nitrocellulose membrane (Trans-Blot Turbo Transfer pack, Bio-Rad). Membranes were blocked with 5% non-fat dry milk in 0.1% Tween 20 PBS and incubated with the indicated primary and secondary antibodies. The immunoreactive bands were detected by enhanced chemiluminescence (ECL, GE Healthcare) and imaged with a ChemiDoc XRS system (Bio-Rad). Densitometric analysis was performed using ImageLab 4.1 software (Bio-Rad). To analyze the western blot (WB) densitometric results, a Student's t test was applied. All values are expressed as means ± 1 SEM.

The following antibodies were used for immunoprecipitation and western blot analysis: monoclonal antibody (mAb) anti-frataxin (clone 18A5DB1, Abcam) and polyclonal antibody (pAb) anti-frataxin (Abcam), mAb anti-α-tubulin (clone DM1A, Sigma-Aldrich), mAb anti-HA (clone HA-7, Sigma-Aldrich), mAb anti-RNF126 (Santa Cruz Biotechnology), rabbit monoclonal antibody (RabmAb) anti-Hsp60 (Abcam), RabmAb anti-RNF115 (Abcam), mAb anti-FLAG (clone M2, Sigma-Aldrich), and secondary antibody horseradish peroxidase (HRP)-conjugated goat anti-mouse (Thermo Fisher Scientific).

Immunoprecipitation {#sec4.5}
-------------------

Total cell extracts were prepared in ice-cold modified immunoprecipitate (IP) buffer (25 mM Tris-HCl \[pH 7.5\], 125 mM NaCl, 1% glycerol, 1 mM MgCl~2~, 0.5% Triton, 0.5% Igepal CA-630, 0.5% sodium deoxycholate) supplemented with complete protease inhibitor cocktail (Roche), 5 mM NEM, 1 mM sodium orthovanadate (NaV), and 5 mM sodium fluoride (NaF) to inhibit phosphatases. For immunoprecipitation experiments, 2 mg of whole-cell lysates were incubated for 1--2 hr at 4°C with the appropriated amount of mouse monoclonal anti-frataxin (Abcam) or mouse monoclonal anti-RNF126 (Santa Cruz) antibodies per sample. The immunocomplexes were then absorbed for 1--2 hr at 4°C on prewashed protein glutathione Sepharose beads (GE Healthcare) and finally washed three times in wash buffer (25 mM Tris-HCl \[pH 7.5\], 125 mM NaCl, 1% glycerol, 1 mM MgCl~2~, 0.5% Igepal CA-630) supplemented with complete protease inhibitor cocktail, 5 mM NEM, 1 mM NaV, and 5 mM NaF. After washing, immunocomplexes were resuspended in 2× Laemmli sample buffer, boiled for 5 min, resolved by SDS-PAGE, and analyzed by WB with rabbit polyclonal anti-frataxin (Abcam) or mouse monoclonal anti-RNF126 (Santa Cruz). Densitometric analyzes were performed using ImageLab software.

Ubiquitination Assay {#sec4.6}
--------------------

In vivo ubiquitination assay was performed using HEK293 cells, transiently cotransfected with cDNAs encoding human frataxin^1--210^ (pIRES2-fxn), HA-tagged ubiquitin (HA-Ub), and RNF126 (pCMV6-RNF126) or RNF126 catalytically inactive mutant (RNF126^C229/232A^). Before collecting, cells were treated with 10 μM MG132 (Sigma-Aldrich) and 50 ng/mL Ub-aldehyde (Biomol). To immunoprecipitate HA-frataxin, cells were lysed in lysis buffer (50 mM Tris-HCl \[pH 7.5\], 150 mM NaCl, 1% Igepal CA-630, 5 mM EDTA, 5 mM EGTA) in the presence of 10 μM MG132, 50 ng/mL Ub-aldehyde, and 2 mM NEM (Sigma-Aldrich). Mono- and polyubiquitinated frataxin species were detected by WB using mouse monoclonal anti-frataxin antibody (Abcam).

The in vitro ubiquitination assay was performed in a reaction mixture containing 100 nM of bacterially purified human recombinant His-tagged E1, 1.4 μM of a human recombinant untagged E2 (UbcH5b or UbcH13/Mms2) and 40--200 nM of human purified recombinant glutathione S-transferase (GST)-RNF126 (E3) in ubiquitination buffer (25 mM Tris-HCl \[pH 8.0\], 100 mM NaCl, 1 mM DTT, 2.5 mM ATP, 4 mM MgCl~2~, 30 nM Ub) in a final volume of 20 μL. The human recombinant frataxin^1--210^ protein expressed in *E. coli* was purchased from GenScript. Recombinant ubiquitin was purchased from Enzo Life Sciences. Human recombinant GST-RNF126 protein, purified using an in vitro wheat germ expression system, was purchased from Abnova. 1,10-Phenanthroline monohydrochloride monohydrate (1,10-phenanthroline) was purchased from Sigma-Aldrich and, where indicated, was preincubated with RNF126 for 5 min before starting the assay. After incubation for 60 min at 30°C, the reactions were terminated by adding 4× Laemmli sample buffer, loaded on a 10% Mini-Protean TGX Stain-Free Gel (Bio-Rad), and followed by WB with monoclonal anti-frataxin antibody (Abcam).

Real-Time qPCR {#sec4.7}
--------------

Total RNA isolated from 293 Flp-In cell line stably expressing frataxin1-210 and FRDA fibroblasts was extracted using TRIzol reagent (Thermo Fisher), and then cDNA was prepared using the SuperScript VILO cDNA synthesis kit (Thermo Fisher). Levels of human FXN and RNF126 mRNA expression were assessed by real-time qPCR using the StepOne Plus Instrument, normalized with the control genes' expression. The assays were performed using the following TaqMan assay: FTX, Hs00175940_m1; RNF126, Hs00250449_m1; GAPDH, Hs99999905_m1; and GUSB: Hs99999908_m1. GUSB and GAPDH were used as control housekeeping genes. Real-time qPCR analysis was carried out using the 2(-Delta Delta C(T)) method.
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![Schematic Representation of the siRNA Screening Assay and Workflow\
(A) Schematic representation of the frataxin-ProLabel fusion construct used in the screening and the enzyme fragment complementation assay. The 6 kDa ProLabel tag encodes the inactive α fragment of the β-galactosidase enzyme, and it is expressed as a C-terminal tag fused to frataxin. The enzyme acceptor (EA) represents the complementary part of the enzyme. When the EA is added to the cells, together with the substrate, the two subunits combine to form a complete, active β-galactosidase enzyme that cleaves the chemiluminescent substrate, generating a luminescent signal proportional to the amount of frataxin-ProLabel.\
(B) Schematic representation of the screening workflow.](gr1){#fig1}

![Silencing of RNF126 Promotes Accumulation of Frataxin Precursor and Mature Forms by Preventing Its Degradation\
(A) 293 Flp-In cell line stably expressing frataxin^1--210^ was transfected with the indicated siRNA pools. Cell extracts were collected 48 or 72 hr post-transfection and analyzed by WB with anti-frataxin, anti-RNF126, and anti-tubulin antibody. Pre, precursor; int, intermediate; mat, mature frataxin.\
(B and C) Graphs representing relative frataxin precursor (B) or mature frataxin (C) abundance as quantitated by densitometric analysis of the blots in (A) and normalized with tubulin levels.\
(D) 293 Flp-In cell line stably expressing frataxin^1--210^ was transfected with the indicated siRNA pools. Then, 48 hr after transfection, cells were treated with 100 nM actinomycin D for the indicated times. Cell extracts were analyzed by western blot with anti-frataxin, anti-RNF126, and anti-tubulin antibody.\
(E) Graph representing relative frataxin precursor abundance as quantitated by densitometric analysis of the blot in (D) and normalized with tubulin levels.\
Data represent the mean ± 1 SEM from four independent experiments. The p values were calculated with Student's t test and were statistically significant (^∗∗^p \< 0.01) compared to non-targeting siRNA-transfected cells.](gr2){#fig2}

![Expression of RNF126, But Not Its Catalytically Inactive Mutant, Promotes Frataxin Ubiquitination\
(A) HEK293 cells were transiently transfected with frataxin^1--210^, HA-tagged ubiquitin (HA-Ub), and a control empty vector, RNF126, or its catalytically inactive mutant. Protein extracts were collected 40 hr post-transfection. Total cell extracts were analyzed by WB with anti-frataxin antibody or anti-tubulin as a loading control. Slower-migrating bands can be detected above the frataxin precursor, corresponding to mono- and polyubiquitinated frataxin.\
(B) Cells were transfected as in (A). Mono- and polyubiquitin-conjugated forms of frataxin can be detected by WB with anti-frataxin antibody on anti-HA immunoprecipitates. Control samples (excluded from these panels) were treated with 10 μM of the proteasome inhibitor MG132 as a positive control for the detection of ubiquitinated frataxin.\
^∗^Antibody heavy chain; ^∗∗^antibody light chain.](gr3){#fig3}

![Frataxin Precursor Interacts with RNF126\
HEK293 cells were transiently transfected with the indicated constructs. Protein extracts were collected 40 hr post-transfection.\
(A) Proteins were immunoprecipitated with anti-frataxin (anti-fxn) antibody. Arrow indicates RNF126 coprecipitated with frataxin. ^∗^Antibody heavy chain.\
(B) Proteins were immunoprecipitated with anti-RNF126 antibody. Upper left panel: short exposure. Upper right panel: long exposure. ^∗^Non-specific band.\
Immunoprecipitate (IP) and total cell extract (tot) were probed on a WB with anti-frataxin (anti-fxn) antibody or anti-RNF126 antibody, as indicated. Pre, precursor int, intermediate; mat, mature frataxin; Ub-fxn, ubiquitinated frataxin; ex RNF126, overexpressed exogenous RNF126; end RNF126, endogenous RNF126.](gr4){#fig4}

![In Vitro Ubiquitination Assay\
(A) In vitro ubiquitination assay was carried out with purified recombinant E1, UbcH5b as the E2 ubiquitin-conjugating enzyme, and different doses of GST-RNF126 as the E3 ubiquitin ligase, together with Ub, ATP, and recombinant frataxin precursor as a substrate. The reaction mixture was incubated for 60 min at 30°C. Reaction was stopped by the addition of 4× sample buffer. Proteins were separated on SDS-PAGE and analyzed by a WB with anti-frataxin antibody.\
(B) Ubiquitination assay was carried out with the indicated E2 ubiquitin-conjugating enzymes and 200 nM RNF126. Proteins were analyzed as in (A).\
(C) Ubiquitination assay was carried out as in (B), in the presence of the indicated concentration of 1,10-phenanthroline. Proteins were analyzed as in (A).\
Frataxin precursor, monoubiquitinated frataxin, and polyubiquitinated frataxin are indicated by arrows. Fxn precursor s.e. indicates a short exposure of the blot to appreciate precursor levels. ^∗^Non-specific bands.](gr5){#fig5}

![Silencing of RNF126 E3 Ligase Promotes Frataxin Accumulation in Cells Derived from FRDA Patients\
(A) Fibroblasts derived from two FRDA patients (FA816 and FA078) were transfected with the indicated siRNA. Cell extracts were collected 48 hr post-transfection and analyzed by WB with anti-frataxin antibody, anti-RNF126, and anti-tubulin. Tub, tubulin; mat fxn, mature frataxin.\
(B) Graph representing relative mature frataxin abundance as quantitated by densitometric analysis of the blots in (A) and normalized with tubulin levels.\
Data represent the mean ± 1 SEM from four independent experiments. The p values were calculated with Student's t test and were statistically significant (^∗^p \< 0.05; ^∗∗^p \< 0.01) compared to non-targeting siRNA-transfected cells.](gr6){#fig6}
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